In animal models, protein kinase A (PKA) and Ca 2+ / calmodulin-dependent protein kinase II (CaMKII) have both been causally linked to a destabilization of diastolic RyR2 closure. The role of PKA in this context is controversial. [5] [6] [7] [8] [9] In contrast, it has been shown in numerous animal models that increased CaMKII activity leads to RyR2 dysregulation. [10] [11] [12] Background-Sarcoplasmic reticulum (SR) Ca 2+ leak through ryanodine receptor type 2 (RyR2) dysfunction is of major pathophysiological relevance in human heart failure (HF); however, mechanisms underlying progressive RyR2 dysregulation from cardiac hypertrophy to HF are still controversial. Methods and Results-We investigated healthy control myocardium (n=5) and myocardium from patients with compensated hypertrophy (n=25) and HF (n=32). In hypertrophy, Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) and protein kinase A (PKA) both phosphorylated RyR2 at levels that were not different from healthy myocardium. Accordingly, inhibitors of these kinases reduced the SR Ca 2+ leak. In HF, however, the SR Ca 2+ leak was nearly doubled compared with hypertrophy, which led to reduced systolic Ca 2+ transients, a depletion of SR Ca 2+ storage and elevated diastolic Ca 2+ levels. This was accompanied by a significantly increased CaMKII-dependent phosphorylation of RyR2. In contrast, PKA-dependent RyR2 phosphorylation was not increased in HF and was independent of previous β-blocker treatment. In HF, CaMKII inhibition but not inhibition of PKA yielded a reduction of the SR Ca 2+ leak. Moreover, PKA inhibition further reduced SR Ca 2+ load and systolic Ca 2+ transients. Conclusions-In human hypertrophy, both CaMKII and PKA functionally regulate RyR2 and may induce SR Ca 2+ leak.
A n increased diastolic ryanodine receptor type 2 (RyR2) Ca 2+ leak is regarded as an important pathomechanism for the development of cardiac pump failure and arrhythmias in the failing heart. 1, 2 The diastolic loss of Ca 2+ from the sacroplasmic reticulum (SR) via spontaneously opening RyR2 clusters (Ca 2+ sparks) leads to a depletion of SR Ca 2+ storage and consecutively compromises systolic Ca 2+ release. Additionally, leaky RyR2 is regarded as potently inducing proarrhythmic triggers 3, 4 through the following mechanism: The elimination of spontaneously released Ca 2+ via the Na + /Ca 2+ exchanger during diastole causes a transient transsarcolemmal inward current and hence delayed afterdepolarizations as a substrate for cardiac arrhythmias.
We have demonstrated recently that CaMKII inhibition can decrease diastolic SR Ca 2+ leak in end-stage human heart failure (HF), thereby increasing contractility. 13 It is, however, still unclear at what time point the SR Ca 2+ leak appears in the development of human HF and what the specific underlying molecular mechanisms are. The functional alterations that precede HF and the respective contribution of both kinases in this context need to be elucidated.
Here, we explore the functional and molecular alterations in Ca 2+ handling that accompany the disease progression from healthy (nonfailing, NF) to hypertrophied and end-stage failing (HF) human myocardium. We show that in hypertrophy, both PKA and CaMKII functionally modulate RyR2, whereas the pronounced increase of the diastolic SR Ca 2+ leak in HF is dependent on CaMKII but independent of PKA activity. This may have clinical implications for the understanding and treatment of cardiac pump failure and arrhythmias in human myocardial disease.
Methods

Human Myocardial Tissue
All procedures were conducted in compliance with the local ethics committee, and written informed consent was received from all participants before inclusion.
Heart Failure
Left ventricular myocardial tissue was taken from explanted hearts of 32 patients (Table) with end-stage HF (New York Heart Association HF classification IV, mean ejection fraction 20.1±1.0%). The explanted hearts were acquired directly in the operating room during surgical procedures and immediately placed in precooled cardioplegic solution (in mmol/L: NaCl 110, KCl 16, MgCl 2 16 , NaHCO 3 16 , CaCl 2 1.2, glucose 11). Myocardial samples for Western blot analysis were frozen (−80°C) immediately after excision. The remaining heart tissue was stored for cell isolation in cooled cardioprotective solution containing (in mmol/L) Na + 156, K + 3.6, Cl − 135, HCO 3 − 25, Mg 2+ 0.6, H 2 PO 4 − 1.3, SO4 2− 0.6, Ca 2+ 2.5, glucose 11.2, 2,3-butanedionmonoxime (BDM) 10, aerated with 95% O 2 and 5% CO 2 . Control experiments showed that BDM did not act as chemical phosphatase under these conditions ( Figure I in the online-only Data Supplement).
Cardiac Hypertrophy
Myocardial samples were obtained from 25 patients (Table) with severe aortic stenosis (mean aortic valve area 0.7±0.04 cm 2 ) undergoing aortic valve replacement. During surgery, a Morrow resection from the hypertrophied left ventricular septum was performed. Only patients without significant valvular regurgitation and with preserved ejection fraction (ejection fraction >50%, mean ejection fraction 58.1±1.0%) were included to ensure mere afterload-induced hypertrophy. Samples for Western blot analysis were frozen, and the remaining myocardium was kept for cell isolation in cardioplegic solution (in mmol/L: NaCl 110, KCl 16, MgCl 2 16 , NaHCO 3 16 , CaCl 2 1.2, glucose 11).
NF Myocardium
Frozen myocardial samples originated from 5 healthy donor hearts that could not be transplanted for technical reasons.
Western Blots
Left ventricular myocardium was homogenized in buffer containing (in mmol/L) Tris-HCl 20, pH 7.4, NaCl 200, NaF 20, Na 3 VO 4 
Myocyte Isolation
Left ventricular myocardium was rinsed, cut into small pieces, and incubated at 37°C in a spinner flask filled with Joklik-MEM solution (JMEM; AppliChem, Darmstadt, Germany) that contained 1.0 mg/mL collagenase (Worthington type 1, 185 U/mg, CellSystems, Troisdorf, Germany) and 13% trypsin (Life Technologies, Carlsbad, CA). After 45 minutes, the supernatant was discarded, and fresh JMEM solution that contained only collagenase was added. The solution was incubated for 10 to 20 minutes until myocytes were disaggregated by use of a Pasteur pipette. The supernatant that contained disaggregated cells was removed and centrifuged (600 rpm, 3 min). Fresh JMEM with collagenase was added to the remaining tissue. This procedure was repeated 4 to 5 times. After every step, the centrifuged cells were resuspended in KB medium containing (in mmol/L) taurine 10, glutamic acid 70, KCl 
Intracellular Ca 2+ Imaging
Confocal Microscopy (Measurement of SR Ca 2+ Sparks)
Isolated cardiomyocytes were incubated at room temperature for 30 minutes with a Fluo-3 AM loading buffer (10 μmol/L; Molecular Probes, Life Technologies, Carlsbad, CA) that also contained either the PKA inhibitor H89 (5 μmol/L), the CaMKII inhibitor autocamide-2-related inhibitory peptide (AIP; 1 μmol/L; Alexis Corp, Lausen, Switzerland), or no inhibitor in the control group. AIP was used in its myristoylated form to ensure cell permeability. Experimental solution contained (in mmol/L) NaCl 136, KCl 4, NaH 2 PO 4 0.33, NaHCO 3 4, CaCl 2 2, MgCl 2 1.6, HEPES 10, glucose 10 (pH 7.4, NaOH, room temperature), as well as 10 nmol/L isoproterenol and the respective inhibitors. Cells were continuously superfused during experiments. To wash out the loading buffer and remove any extracellular dye, as well as to allow enough time for complete deesterification of Fluo-3 AM, cells were superfused with experimental solution for 5 minutes before experiments were begun. Ca 2+ spark measurements were performed with a laser scanning confocal microscope (LSM 5 Pascal, Zeiss, Jena, Germany) using a 40× oil-immersion objective. Fluo-3 was excited by an argon ion laser (488 nm), and emitted fluorescence was collected through a 505-nm long-pass emission filter. Fluorescence images were recorded in the linescan mode with 512 pixels per line (width of each scan line: 38.4 μm) and a pixel time of 0.64 μs. One image consists of 10 000 unidirectional line scans, which equates to a measurement period of 7.68 seconds. Experiments were conducted at resting conditions after the SR was loaded with Ca 2+ by repetitive field stimulation (10 pulses at 1 Hz, 20 V). Ca 2+ sparks were analyzed with the program SparkMaster for ImageJ. 14 The mean spark frequency of the respective cell resulted from the number of sparks normalized to cell width and scan rate (100 μm -1 *s -1 ). Spark size was calculated as the product of spark amplitude (F/F0), duration, and width. From this, we inferred the average leak per cell by multiplication of spark size and spark frequency.
Epifluorescence Microscopy (Systolic Ca 2+ Transients and SR Ca 2+ Content)
Cardiomyocytes were isolated and plated as described above and incubated with a Fura-2 AM loading buffer (10 μmol/L; Molecular Probes) for 15 minutes. In the inhibitor groups, the loading buffer also contained H89 (5 μmol/L) or AIP (1 μmol/L), respectively. After staining, the cardiomyocytes were superfused with experimental solution (as described in Confocal Microscopy) for 5 minutes before measurements were begun to enable complete deesterification of intracellular Fura-2 and allow cellular rebalancing of Ca 2+ -cycling properties. During measurements, cardiomyocytes were continuously superfused with experimental solution. Measurements were performed with a Nikon Eclipse TE2000-U microscope equipped with a fluorescence detection system (IonOptix, Milton, MA). Cells were excited at 340 and 380 nm, and the emitted fluorescence was collected at 510 nm. The intracellular Ca 2+ level was measured as the ratio of fluorescence at 340 and 380 nm (F340 nm/F380 nm, in ratio units). Systolic Ca 2+ transients were recorded in steady-state conditions under constant field stimulation (0.5 Hz, 20 V). To assess SR Ca 2+ content, we measured the amplitude of caffeine-induced Ca 2+ transients. Two seconds after the stimulation was stopped during steady-state conditions, caffeine (10 μmol/L) was applied directly onto the cell leading to an immediate and complete SR Ca 2+ release. The recorded Ca 2+ transients were analyzed with the software IONWizard (IonOptix).
Statistical Analysis
All descriptive statistics and figures are presented as frequencies or mean±SEM. Student t test was used for analysis of Western blots and epifluorescence data because the variance that was explained by the intrapatient correlation was relatively small compared with the total variance between different cells. For confocal measurements, statistical testing was performed according to a repeated-measures ANOVA to account for the clustering of measurements within a single patient. Because of the exchangeability of measurements, a compound symmetry covariance structure was assumed. When data were highly skewed along with a frequent occurrence of zeros because of nonsparking of cells, a nonparametric rank-based repeated-measures ANOVA was used. For analysis of the proportion of sparking cells, a logistic regression was performed analogously that accounted for the clustering of measurements. Analyses were made with GraphPad Prism or SAS 9.3 (PROC MIXED, PROC GLIMMIX), and P<0.05 was considered statistically significant.
Results
Ca 2+ Handling in Compensated Hypertrophy and End-Stage HF
Ca 2+ -Handling Proteins
We performed Western blot analysis from tissue samples of patients with compensated afterload-induced cardiac hypertrophy and end-stage HF and compared them to NF myocardium to assess alterations in the expression and phosphorylation of key Ca 2+ -handling proteins. The characteristics of and medications used by patients included in the respective groups are specified in the Table. We detected an increased expression of RyR2 protein by 95±24% in hypertrophy compared with NF myocardium (P<0.05; n=12 versus 5; Figure 1A ). Neither PKA-dependent phosphorylation of RyR2 at Ser2809 (84±7%, n=12 versus 5, P=0.36; Figure 1B ) nor CaMKIIdependent phosphorylation at Ser2815 (113±16%, n=12 versus 5, P=0.66; Figure 1C ) was significantly altered when normalized to RyR2 protein expression. In contrast, in HF we found an unaltered RyR2 expression (89±9%, n=8 versus 4, P=0.56; Figure 1D ) but a pronounced hyperphosphorylation at Ser2815 by 311±72% (P<0.05, n=8 versus 4; Figure 1F ) compared with NF. The PKA-dependent site Ser2809, again, lacked differential regulation (123±12%, n=4 versus 8, P=0.24; Figure 1E ).
Because the majority of HF patients received β-blocker medication, an iatrogenic modification of PKA-dependent target phosphorylation could not be excluded. We therefore additionally identified HF patients who had not received β-blockers before transplantation because of comorbidities or decompensation and compared them with HF patients taking β-blocker medication. Interestingly, we could not detect significant differences as to PKA-dependent RyR2 phosphorylation at Ser2809 (110±11%, n=4 versus 7, P=0.68; Figure 1G ). To evaluate PKA activity in other subcellular compartments, we analyzed TnI phosphorylation at Ser23/24. We found an unaltered TnI protein expression in HF compared with NF (95±8%, n=8 versus 4; Figure 1H ) but a decreased amount of TnI phosphorylated at Ser23/24 RyR2 expression normalized to GAPDH. RyR2 was higher expressed in Hy than in NF myocardium (n=12 vs 5; P<0.05). B, RyR2 phosphorylation at Ser2809 normalized to RyR2 expression. No significant regulation in Hy vs NF could be detected (n=12 vs 5). C, RyR2 phosphorylation at Ser2815 normalized to RyR2 expression; there was no significant regulation in Hy vs NF (n=12 vs 5). D, RyR2 expression normalized to GAPDH. RyR2 expression was not significantly altered in HF compared with NF (n=8 vs 4). E, RyR2 phosphorylation at Ser2809 normalized to RyR2 expression. No significant regulation in HF vs NF could be detected (n=8 vs 4). F, RyR2 phosphorylation at Ser2815 normalized to RyR2 expression. RyR2 was markedly hyperphosphorylated in HF vs NF (n=8 vs 4; P<0.05). G, Phosphorylation of RyR2 at Ser2809 normalized to RyR2 expression according to β-blocker medication. No significant difference was detected between HF patients with (β-B) and without (−) β-blocker medication (n=7 vs 4). H, Expression of troponin I (TnI) normalized to calsequestrin (Calsequ). TnI expression did not significantly differ in HF vs NF (n=8 vs 4). I, TnI phosphorylation at Ser23/24 normalized to calsequestrin. The amount of TnI phosphorylated at Ser23/24 is decreased in HF vs NF (n=7 vs 4; P<0.05).
by guest on July 25, 2017 http://circ.ahajournals.org/ Downloaded from August 27, 2013 (by 48±9%, n=8 versus 4, P<0.05; Figure 1I ), which indicates decreased PKA activity or increased phosphatase activity in this microdomain.
Systolic Ca 2+ Release and SR Ca 2+ Content in Hypertrophy and HF
To functionally investigate Ca 2+ handling, we freshly isolated cardiomyocytes from both groups of patients and performed epifluorescence measurements (Fura-2 AM). Cardiomyocytes were stimulated at 0.5 Hz, and systolic Ca 2+ transients were recorded (Figure 2A ). Additionally, caffeine was applied to quantify SR Ca 2+ content ( Figure 2D ). The amplitudes of systolic Ca 2+ transients were reduced by 31±6% in HF compared with hypertrophy (F 340 /F 380 : 0.15±0.01 versus 0.22±0.03, P<0.05; number of cells/ patients=42/4 versus 9/5; Figure 2B ). Furthermore, we detected an increase in diastolic Ca 2+ concentrations in HF, as indicated by an increase in the Fura ratio by 34±5% (F 340 /F 380 : 0.71±0.03 versus 0.53±0.05, P<0.01; n=53/4 versus 15/6; Figure 2C ). We also found decreased caffeineinduced Ca 2+ transients by 26±6% in HF (F 340 /F 380 : 0.25±0.02 versus 0.34±0.02, P<0.05, n=26/5 versus 11/5; Figure 2E ), which suggests a reduced SR Ca 2+ content.
Diastolic SR Ca 2+ Leak in Compensated Hypertrophy and HF
We then addressed the diastolic SR Ca 2+ leak using confocal microscopy (Fluo-3 AM). We paced the cardiomyocytes at 1 Hz for 10 beats and then scanned for diastolic Ca 2+ sparks. In HF, the fraction of sparking cells was increased significantly compared with hypertrophy (n=63 of 103 versus 37 of 107, P<0.01; Figure 3B , which translated into an increase in Ca 2+ spark frequency by 100±26% (1.46±0.19 versus 0.73±0.14 100 μm -1 *s -1 , P<0.05; number of cells/patients=103/11 versus 107/10; Figure 3B ). Furthermore, we detected a slight increase in spark amplitude by 5±1% (P=0.05, n=352/11 versus 186/9; Figure 3C ) and maximal Ca 2+ release flux by 21±3% (P<0.05, n=351/11 versus 186/9; Figure 3D ) in HF compared with hypertrophy. Width (3.30±0.08 versus 3.18±0.12 μm, n=352/11 versus 186/9, P=0.41) and duration (50.00±1.94 versus 47.99±3.08 ms, n=352/11 versus 186/9, P=0.56) of the detected sparks were not significantly different between the 2 groups. Interestingly, we found a nearly 2-fold increase of the total calculated SR Ca 2+ leak (by 93±38%, P<0.05, n=103/11 versus 107/10; Figure 3E ) in HF compared with compensated hypertrophy despite the significantly lower SR Ca 2+ load ( Figure 2E ).
Influences of PKA and CaMKII on Ca 2+ Homeostasis in Compensated Cardiac Hypertrophy
To investigate the functional role of PKA and CaMKII in RyR2 regulation, we used the kinase inhibitors H89 and AIP and evaluated the resulting effects on Ca 2+ -cycling parameters. The efficiency of PKA inhibition by H89 was verified by Western blot analysis ( Figure II Figure 4C ). Additionally, there was a tendency toward slower Ca 2+ -elimination kinetics (half-maximal relaxation time) with either of the 2 inhibitors (control versus H89 versus AIP: 0.46±0.04 versus 0.52±0.05 versus 0.51±0.07 seconds, P=0.37 for H89; Figure 4D ). CaMKII inhibition significantly reduced SR Ca 2+ load in compensated hypertrophy as measured by caffeine-induced Ca 2+ transients (F 340 /F 380 : 0.22±0.03 versus 0.34±0.02; n=7/4 versus 11/5, P<0.01; Figure 4F ). Inhibition of PKA by H89, however, did not significantly reduce the SR Ca load (F 340 /F 380 : 0.32±0.04 versus 0.34±0.02; n=9/3 versus 11/5, P=0.70; Figure 4F ).
We then investigated the effects of PKA and CaMKII inhibition on the diastolic SR Ca 2+ leak in hypertrophy. Inhibition of CaMKII yielded a reduction of the Ca 2+ spark frequency by 46±12% compared with untreated control (spark frequency: 0.41±0.09 versus 0.76±0.15 100 μm -1 *s -1 , P<0.05; number of cells/patients=100/9 versus 91/9; Figure 5B ). CaMKII inhibition reduced the total calculated SR Ca 2+ leak by 62±14% (124.7±44.2 versus 325.3±94.1, P=0.05; n=100/9 versus 91/9; Figure 5D ). AIP treatment did not influence Ca 2+ spark amplitude (1.63±0.02 versus 1.64±0.02; number of sparks/patients=95/9 versus 162/8; P=0.82; Figure 5C ), width (2.87±0.14 versus 3.24±0.13 μm; n=95/9 versus 162/8; P=0.07), or duration (42.70±3.54 versus 49.41±3.33 ms; n=95/9 versus 162/8; P=0. 19 ). Similar results were obtained when PKA was inhibited with H89. We detected a reduced spark frequency of 0.38±0.08 100 μm -1 *s -1 in H89-treated myocytes compared with 0.68±0.14 100 μm -1 *s -1 in control (n=129/9 versus 101/9, P<0.05; Figure 6B ) and a significant reduction of the calculated SR Ca 2+ leak by 61±12% (P<0.05; n=129/9 versus 101/9; Figure 6D ), with no significant influence on Ca 2+ spark amplitude (1.63±0.02 versus 1.64±0.02, P=0.77; Figure 6C ), width (3.21±0.13 versus 2.87±0.12 µm, P=0.07), or duration (49.1±3.3 versus 40.9±2.9 ms, P=0.08).
Influences of PKA and CaMKII on Ca 2+ Homeostasis in HF
We have recently shown that inhibition of CaMKII exerts a beneficial effect on Ca 2+ -cycling properties in human endstage HF. 13 On CaMKII inhibition, the diastolic SR Ca 2+ leak was found to be reduced, which led to a higher SR Ca 2+ load and improved contractility. We confirmed these data in the course of the present study and again could show that the inhibition of CaMKII by AIP in human HF yields a reduction of the diastolic Ca 2+ spark frequency by 50±15% compared with untreated control ( Figure IIIA and IIIB in the online-only Data Supplement; P<0.05). To evaluate the role of PKA in this context, we used H89 and measured the respective effects on Ca 2+ handling. In contrast to CaMKII inhibition, PKA inhibition did not effectively restore the severely compromised Ca 2+ cycling in myocytes from patients with HF. We even found a decrease of systolic Ca 2+ transients from 0.16±0.02 to 0.11±0.01 F 340 /F 380 in the presence of H89 at 0.5 Hz (P<0.05; number of cells/patients=30/4 versus 43/4; Figure 7B ) and a tendency toward slower Ca 2+ elimination (half-maximal relaxation time 0.63±0.04 versus 0.54±0.04 seconds, P=0.11; n=30/4 versus 43/4; Figure 7D ). The caffeine-induced SR Ca 2+ transient was also reduced to 0.19±0.02 F 340 /F 380 after PKA inhibition compared with 0.24±0.02 F 340 /F 380 in control myocytes (P<0.05; n=25/5 versus 27/5; Figure 7F ). The diastolic Figure 7C ).
Furthermore, inhibition of PKA by H89 did not significantly modulate the diastolic SR Ca 2+ leak in HF (H89 versus control: 456.3±124.5 versus 454±102.7, P=0.95; number of cells/patients=74/7 versus 85/7; Figure 8D ). Ca 2+ spark frequency (1.28±0.21 versus 1.29±0.2 100 μm -1 *s -1 , P=0.85; n=74/7 versus 85/7; Figure 8B ), Ca 2+ spark amplitude (1.66±0.02 versus 1.64±0.01, P=0.48; Figure 8C ), duration (47.66±2.17 versus 46.80±2.23 ms, P=0.78) and width (3.23±0.11 versus 3.17±0.10 μm, P=0.70) were unaltered (each n=218/7 versus 258/7).
Discussion
To the best of our knowledge, this is the first study that functionally compares the 2 clinically relevant human cardiac pathologies of myocardial hypertrophy and HF with regard to the inherent alterations of Ca 2+ handling and underlying regulatory activities of protein kinases, with the following major findings: (1) SR Ca 2+ leak increases from human cardiac hypertrophy to HF and is accompanied by profound disturbances of excitation-contraction coupling. The transition from hypertrophy to HF is associated with a significant increase in the CaMKII-dependent phosphorylation of RyR2 at Ser2815, and CaMKII inhibition conclusively reduces the SR Ca 2+ leak. (2) The transition from cardiac hypertrophy to HF is not associated with increased phosphorylation of the PKA-dependent site Ser2809, and PKA inhibition does not reduce the SR Ca 2+ leak in HF. (3) In cardiac hypertrophy, CaMKII and PKA phosphorylate the RyR2 to an extent that does not differ significantly from healthy control myocardium and an inhibition of either of the 2 kinases reduces the basal SR Ca 2+ leak.
Ca 2+ Homeostasis in Compensated Hypertrophy and HF
We showed that the diastolic SR Ca 2+ leak is nearly doubled in HF compared with hypertrophy despite a reduced SR Ca 2+ load, which suggests a severely compromised diastolic RyR2 closure in HF. This leads to decreased systolic Ca 2+ transients and an increase in diastolic Ca 2+ levels. Interestingly, the progression of SR Ca 2+ leak occurs although RyR2 protein expression is higher in hypertrophy than in HF, which suggests an even bigger SR Ca 2+ leak per RyR2 in HF than the cumulative values indicate. It was postulated previously that there is a positive correlation between left ventricular ejection fraction and SR Ca 2+ load and that the SR Ca 2+ load is decreased in human HF. 15 The present data support this hypothesis and additionally suggest that an increased diastolic SR Ca 2+ leak significantly contributes to the depletion of SR Ca 2+ storage in human HF. Furthermore, the present results are in line with studies in animal models that showed an elevated diastolic SR Ca 2+ leak in HF 10, [16] [17] [18] [19] and thus contradict a previous study performed in human tissue that proposed that the frequency of Ca 2+ sparks is significantly decreased in human HF compared with NF, rendering a causal involvement of the SR Ca 2+ leak in the depletion of SR Ca 2+ storage unlikely. 20 Moreover, the increased maximal Ca 2+ release flux of Ca 2+ sparks in HF despite a significantly lower driving force (lower SR Ca 2+ load, higher cytosolic Ca 2+ concentration) demonstrates the dimension of RyR2 dysfunction in HF. The present data further suggest that CaMKII-dependent hyperphosphorylation of RyR2 at Ser2815 may be the key factor evoking RyR2 dysfunction in human HF. We found a >4-fold increase of RyR2 phosphorylation in HF compared with compensated hypertrophy. Hyperphosphorylation of RyR2 via CaMKII phosphorylation has been widely shown to increase diastolic SR Ca 2+ leak. 4, 10, 11, 13, 21, 22 The present data thus suggest that an increased activity of CaMKII sets in during disease progression and is responsible for the deterioration of left ventricular function. Moreover, the present findings support a recent study performed in a mouse model of cardiac hypertrophy and HF (transverse aortic constriction) that showed that CaMKII knockout mice equally developed cardiac hypertrophy after transverse aortic constriction surgery but were protected against the transition to HF. 23 Importantly, the present data clearly show that in human failing myocardium, PKA-dependent RyR2 modification is not mechanistically relevant, RyR2-Ser2809 phosphorylation is not increased, and PKA inhibition does not reduce the SR Ca 2+ leak. PKA-dependent TnI-Ser23/24 phosphorylation was even decreased significantly in HF. When we compared HF patients with and without β-blocker medication with regard to RyR2 phosphorylation, we could exclude that an intrinsically increased PKA activity would be masked iatrogenically.
As a consequence, the increased SR Ca 2+ leak causes systolic contractile dysfunction but may also impair late diastolic relaxation because of an increased diastolic Ca 2+ concentration, as was found in the present study. Moreover, an elevated SR Ca 2+ leak can induce delayed afterdepolarizations, rendering the failing heart more prone to severe arrhythmias, particularly in the presence of reduced SERCA2a expression and an increased expression of the Na + /Ca 2+ exchanger. [24] [25] [26] 
Relevance of CaMKII and PKA for RyR2 in Compensated Hypertrophy and HF
To investigate the mechanisms underlying RyR2 regulation in both groups of patients, we modulated the respective kinase activity by suitable compounds, ie H89 for inhibition of PKA and AIP for inhibition of CaMKII, both of which are widely used for this purpose. 13, 17, 27 In cardiac hypertrophy with preserved ejection fraction, SR Ca 2+ leak could be reduced by both H89 and AIP. This implies that PKA and CaMKII are involved in RyR2 regulation in cardiac hypertrophy. The fact that both inhibitors reduced systolic Ca 2+ transients suggests a physiologically important role of both kinases for the maintenance of sufficient systolic Ca 2+ release in cardiac hypertrophy with preserved Ca 2+cycling properties. Accordingly, it was shown in a mouse model that increased afterload (transverse aortic constriction) leads to CaMKII activation, which increases fractional systolic Ca 2+ release. 22 Another study showed that phosphorylation of RyR2 by CaMKII at Ser2814 may play an important role for a positive force-frequency relation, because this was blunted in healthy mice that harbored a loss-of-function mutation (S2814A) of RyR2 at this site. 28 In addition, reduced phospholamban phosphorylation with increased SERCA inhibition may be involved. Thus, therapeutic CaMKII inhibition and PKA inhibition in cardiac hypertrophy with preserved contractility would most likely compromise inotropy. This is not the case in HF; previous reports showed that both transgenic and acute adenoviral overexpression of CaMKII were associated with reduced SR Ca 2+ load caused by an increased SR Ca 2+ leak. 10, 11 This was associated with impaired contractility and with activation of a transient inward current via the Na + /Ca 2+ exchanger, which caused delayed afterdepolarizations and triggered arrhythmias. Furthermore, disturbed Ca 2+ cycling and contractile dysfunction could be prevented by inhibition of CaMKII. 10, 11, 17 Therefore, inhibition of CaMKII could be a promising new approach for antiarrhythmic and positive inotropic therapy in HF. As there is ongoing debate about the role of PKAdependent RyR2 phosphorylation, we directly assessed the effect of PKA activity in human end-stage HF. Importantly, in failing human cardiomyocytes, acute PKA inhibition did not influence RyR2 Ca 2+ leak. We even detected lower systolic Ca 2+ transients, a decreased SR Ca 2+ load, and a deceleration of diastolic Ca 2+ elimination after PKA inhibition, which can be explained by reduced PKA-dependent phospholamban phosphorylation and thus an increased inhibitory effect of phospholamban on SERCA2a activity. No beneficial effect of PKA inhibition on Ca 2+ homeostasis in human end-stage HF was detectable. The present data thus indicate that in human HF, PKA-dependent RyR2 modification is not mechanistically relevant. The present study contradicts the previously described PKA-dependent hyperphosphorylation of RyR2 in human HF 5 and confirms a recent study showing that RyR2 is hyperphosphorylated at Ser2815 but not Ser2809 in human nonischemic HF. 29 Our results thus indicate that PKA is not causally involved in RyR2 dysregulation in human HF and contradicts several studies performed in animal models. 5, 6, 30 On the other hand, the present findings are in line with other previously published data: It was shown in an arrhythmogenic rabbit model of nonischemic HF that CaMKII inhibition but not PKA inhibition can significantly reduce SR Ca 2+ leak. 17 Additionally, more recent studies showed that RyR2-Ser2808 mutated mice lacking the PKA-dependent phosphorylation site did not differ from wild-type littermates with regard to global cardiac function and Ca 2+ -cycling parameters after myocardial infarction 9 and showed an intact β-adrenergic response and an unmodified progression toward HF after transverse aortic constriction. 7 A significant impact of RyR-S2808A mutation on the development of an increased diastolic SR Ca 2+ leak could not be detected.
The discrepancies discussed above may be related to methodological differences on the one hand and species differences on the other. We believe that the present study overcomes these weaknesses for the following reasons: (1) We compare healthy control with compensated hypertrophy and HF and show a transition from one disease state to the other, not only from healthy to diseased myocardium. The data clearly show that the present analysis is sensitive enough to detect changes and makes pseudodifferences that originate from dissimilar treatments of control and diseased myocardium unlikely. (2) We exclusively use human myocardium to overcome problems related to transferability of animal to human pathophysiology and to realistically depict the human HF population. (3) We use functional and biochemical measurements in the same tissue and show consistent changes in the present study. Therefore, we believe that the present findings add important new mechanistic information regarding RyR2 phosphorylation and Ca 2+ handling across disease severities from healthy control over compensated hypertrophy to HF in human tissue.
Study Limitations
The present study has several limitations. (1) Studies with explanted human tissue could be limited because of longer periods of ischemic arrest than with animal tissue, which might affect the posttranslational modification of proteins. We therefore tried to minimize ischemic damage in the present study by ensuring continuous cooling and the use of BDM (Methods). (2) The functional data of the present study are derived from short-term experiments investigating acute effects of modifications of kinase activities and may thus be limited as to conclusions regarding longterm effects of protein kinase inhibition. (3) As we did not have access to vital healthy human myocardium, we were not able to functionally investigate potential differences of Ca 2+ -cycling properties between hypertrophy and NF. Our Western blot data, however, did not show any RyR2 hyperphosphorylation in hypertrophy compared with NF and thus suggest that a disruption of diastolic RyR2 closure may not yet be present at this stage of cardiac disease. (4) Subgroup analysis of ischemic and nonischemic HF did not yield any relevant differences as to RyR2 phosphorylation and Ca 2+ cycling parameters but was limited because of the small number of patients with ischemic HF. (5) There is evidence in the literature that diastolic Ca 2+ loss from the SR also occurs as non-spark-related continuous percolation of Ca 2+ into the cytoplasm (quarky Ca 2+ release). 31 Although we did not directly measure quarky Ca 2+ release in the present study, this would most likely not change its significance, because currently available data suggest that quarky Ca 2+ release coexists with Ca 2+ spark-mediated SR-Ca 2+ leak and that both forms of diastolic Ca 2+ loss are most likely not altered independently in certain cell types and diseases. 32 (6) In addition to Ser2809 and Ser2815, there have been some studies performed in animal models (mouse, rat, rabbit) claiming that Ser2830 might also constitute an important phosphorylation site for PKA-dependent RyR2 modification. 33, 34 A PKAdependent hyperphosphorylation of RyR2, however, could not be detected at Ser2830 or at Ser2809 in canine HF. 33 Other studies even contradicted the relevance of this site in humans showing that a single point mutation, S2809A, completely abolished PKA-dependent phosphorylation of the human RyR2. 5, 12 Further studies in this respect might nevertheless be worthwhile.
Summary
In summary, the present study demonstrates that the deterioration of left ventricular function that develops in the course from compensated cardiac hypertrophy to end-stage HF in humans is accompanied by profound alterations of Ca 2+ cycling such as an elevated SR Ca 2+ leak that can be attributed to CaMKIIdependent hyperphosphorylation of RyR2. Furthermore, we show that PKA does functionally regulate RyR2 gating in human cardiac hypertrophy but appears to have lost the ability to modulate RyR2 gating in human HF. Because SR Ca 2+ leak impairs contractility and induces arrhythmias, inhibition of CaMKII in contrast to PKA may serve as a promising new target for future therapies to improve disturbed SR Ca 2+ handling in HF.
CLINICAL PERSPECTIvE
Contractile dysfunction and sudden cardiac death caused by arrhythmias are the clinically most important phenotypes in subjects with structural heart disease. A better insight into the underlying molecular mechanisms and signaling pathways may provide new toeholds for the development of future clinical therapies. Recent studies have identified the emergence of spontaneous diastolic sarcoplasmic (SR) Ca 2+ release events from the SR ryanodine receptor (RyR2) as a crucial factor for cardiac contractile dysfunction and arrhythmogenic triggers. In the present study, we clarify that this deleterious SR Ca 2+ leak increases from cardiac hypertrophy to heart failure in human myocardium. This is accompanied by profound disturbances of Ca 2+ homeostasis. We provide the first evidence that protein kinase A, which is generally activated via the β-adrenergic pathway, functionally regulates RyR2 gating in human cardiac hypertrophy but appears to have lost the ability to modulate RyR2 gating in human heart failure. In contrast, we identified the Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) as being primarily responsible for an elevated SR Ca 2+ leak occurring in the human failing heart. Thus, the present findings identify CaMKII instead of protein kinase A as a potent inducer of the SR Ca 2+ leak, which suggests that inhibition of CaMKII may be a promising treatment option for contractile dysfunction and arrhythmias. As inhibition or ablation of CaMKII has been shown to attenuate or prevent the development of heart failure in animal models via additional pathways, future drug or gene therapy approaches should address key clinical aspects of CaMKII inhibition in patients with heart failure or arrhythmias.
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